High glucose concentration suppresses hepatic glycogenolysis by allosteric inhibition and dephosphorylation (inactivation) of phosphorylase-a. The latter effect is attributed to a direct effect of glucose on the conformation of phosphorylase-a. Although glucose-6-phosphate (G6P), like glucose, stimulates dephosphorylation of phosphorylase-a by phosphorylase phosphatase, its physiological role in regulating glycogenolysis in intact hepatocytes has not been tested. We show in this study that metabolic conditions associated with an increase in G6P, including glucokinase overexpression and incubation with octanoate or dihydroxyacetone, cause inactivation of phosphorylase. The latter conditions also inhibit glycogenolysis. The activity of phosphorylase-a correlated inversely with the G6P concentration within the physiological range. The inhibition of glycogenolysis and inactivation of phosphorylase-a caused by 10 mmol/l glucose can be at least in part counteracted by inhibition of glucokinase with 5-thioglucose, which lowers G6P. In conclusion, metabolic conditions that alter the hepatic G6P content affect glycogen metabolism not only through regulation of glycogen synthase but also through regulation of the activation state of phosphorylase. Dysregulation of G6P in diabetes by changes in activity of glucokinase or glucose 6-phosphatase may be a contributing factor to impaired suppression of glycogenolysis by hyperglycemia. Diabetes 52:1333-1339, 2003 L iver glycogen has a major role in the maintenance of blood glucose homeostasis. Its synthesis and degradation are determined by the phosphorylation state of glycogen synthase and phosphorylase and by allosteric mechanisms (1).
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High glucose concentration suppresses hepatic glycogenolysis by allosteric inhibition and dephosphorylation (inactivation) of phosphorylase-a. The latter effect is attributed to a direct effect of glucose on the conformation of phosphorylase-a. Although glucose-6-phosphate (G6P), like glucose, stimulates dephosphorylation of phosphorylase-a by phosphorylase phosphatase, its physiological role in regulating glycogenolysis in intact hepatocytes has not been tested. We show in this study that metabolic conditions associated with an increase in G6P, including glucokinase overexpression and incubation with octanoate or dihydroxyacetone, cause inactivation of phosphorylase. The latter conditions also inhibit glycogenolysis. The activity of phosphorylase-a correlated inversely with the G6P concentration within the physiological range. The inhibition of glycogenolysis and inactivation of phosphorylase-a caused by 10 mmol/l glucose can be at least in part counteracted by inhibition of glucokinase with 5-thioglucose, which lowers G6P. In conclusion, metabolic conditions that alter the hepatic G6P content affect glycogen metabolism not only through regulation of glycogen synthase but also through regulation of the activation state of phosphorylase. Dysregulation of G6P in diabetes by changes in activity of glucokinase or glucose 6-phosphatase may be a contributing factor to impaired suppression of glycogenolysis by hyperglycemia. Diabetes 52:1333-1339, 2003 L iver glycogen has a major role in the maintenance of blood glucose homeostasis. Its synthesis and degradation are determined by the phosphorylation state of glycogen synthase and phosphorylase and by allosteric mechanisms (1) .
Glycogen synthase is regulated by multisite phosphorylation, which results in inactivation (2, 3) . Two sites at the NH 2 -terminal designated sites 2 and 2a are phosphorylated in vitro by cAMP-dependent protein kinase, phosphorylase kinase, calmodulin-dependent protein kinase, and protein kinase C, and five sites at the COOH-terminal designated sites 3a, 3b, 3c, 4, and 5 are phosphorylated by glycogen synthase kinase-3 and casein kinase-II. Several metabolites are involved in the allosteric regulation of glycogen synthase (4) , of which glucose 6-phosphate (G6P) is considered to have the predominant role (5). In addition to being a potent allosteric activator, G6P makes the enzyme a better substrate for dephosphorylation by synthase phosphatase. Accordingly, the activation state of glycogen synthase correlates with the hepatocyte content of G6P, both in vivo and in vitro (5-7). Another important mechanism in the regulation of glycogen synthase involves the allosteric inhibition of glycogen synthase phosphatase by phosphorylase-a (1). Mechanisms that cause depletion of phosphorylase-a by dephosphorylation relieve the inhibition of glycogen synthase phosphatase (1) .
Phosphorylase is converted from an inactive b form to an active a form by phosphorylation of a serine residue at the NH 2 -terminal, catalyzed by phosphorylase kinase (1) . Phosphorylase exists as two conformational states designated R (relaxed) and T (tense). The R state is promoted by phosphorylation of the NH 2 -terminal or by the allosteric activator AMP, which binds to a nucleotide activation site. The effect of AMP is counteracted by ATP and G6P (8, 9) . Glucose is an allosteric inhibitor. It promotes the T-state, which is a better substrate for dephosphorylation by phosphorylase phosphatase (8) . The effects of glucose on conformation and function are mimicked by caffeine, which binds to a distinct inhibitory site (10) .
It is generally accepted that the phosphorylation state of liver phosphorylase is determined by hormones through regulation of phosphorylase kinase and phosphatase and by glucose, which makes phosphorylase-a a better substrate for dephosphorylation (1) . Phosphorylase has therefore been described as the "glucose-sensor" of the liver (1), whereas glycogen synthase is regarded as the "G6P sensor" (5) .
Although glucose is thought to be the main metabolite that determines the phosphorylation state of phosphorylase in liver cells (1, 11) , its potency at dephosphorylating phosphorylase in intact cells is greater than can be explained by kinetic studies on the effects of glucose and AMP on the purified enzyme (10) . Because the effect of glucose in vitro is counteracted by physiological concentrations of AMP but is synergistic with caffeine, it has been proposed that there may be endogenous ligands for the purine-inhibitory site, which potentiate the effect of glucose in vivo (10) . Alternatively, the presence of ligands that compete for the AMP site, such as G6P, might also explain the potency of glucose in vivo. There is in vitro evidence that G6P can stimulate dephosphorylation of phosphorylase-a by phosphorylase phosphatase (12) (13) (14) and inhibit phosphorylation of phosphorylase-b by phosphorylase kinase (15,16) by substrate-directed mecha-nisms. However, the putative physiological role of G6P in regulating the phosphorylation state of phosphorylase in liver cells has not been tested.
The hepatocyte content of G6P is markedly dependent on the activities of glucokinase and glucose 6-phosphatase (17, 18) . Accordingly, if G6P had a regulatory role on the phosphorylation state of phosphorylase, then changes in the activities of glucokinase or glucose 6-phosphatase might be a contributing factor to the impaired suppression of hepatic glucose production by hyperglycemia in type 2 diabetes through changes in the activation state of phosphorylase.
In this study, we provide supporting evidence for the hypothesis that the activation state of phosphorylase in hepatocytes is dependent on the cellular content of G6P. This has important implications for understanding the mechanism(s) underlying impaired suppression of hepatic glucose production by hyperglycemia in type 2 diabetes.
RESEARCH DESIGN AND METHODS
Hepatocyte monolayer culture. Hepatocytes were isolated by collagenase perfusion of the liver (19) from male Wistar rats (240 -340 g body wt) obtained from B & K (Hull, U.K.). They were suspended in minimum essential medium containing 7% newborn calf serum and seeded in multiwell plates. After cell attachment (ϳ4 h), the medium was replaced by serum-free medium containing 10 nmol/l dexamethasone. Unless otherwise indicated, the medium contained 5 mmol/l glucose. Overexpression of glucokinase or glucose 6-phosphatase. To modulate the cell content of G6P independent of glucose concentration, glucokinase and glucose 6-phosphatase were overexpressed using recombinant adenoviruses. After cell attachment (ϳ2 h), the serum-containing medium was replaced by serum-free medium containing adenoviruses for expression of glucokinase (AdCMV-LGK) (20) or glucose 6-phosphatase (AdCMV-G6Pase) (21) . Two adenoviral titers were used for AdCMV-LGK that resulted in enzyme overexpression by twofold and fourfold relative to endogenous activity (22) and one adenoviral titer of AdCMV-G6Pase that caused twofold overexpression relative to endogenous activity (23) . Two sets of controls were used that were either untreated or treated with AdCMV-␤GAL at the same viral titer as AdCMV-G6Pase. After 2 h of incubation with the adenoviruses, the medium was replaced by serum-free medium containing 5 mmol/l glucose and 10 nmol/l dexamethasone. Incubations for determination of G6P, phosphorylase a, and glycogenolysis. After overnight culture (16 -18 h), the medium was replaced and the monolayers were incubated for 1 h with the additions indicated. Parallel incubations were performed for determination of G6P or phosphorylase-a. For determination of glycogenolysis, the hepatocyte monolayers were cultured overnight (16 -18 h) in medium containing 25 mmol/l glucose, 10 nmol/l insulin, and [U-
14 C]glucose (1.5 Ci/ml; Perkin Elmer). They were then incubated for 1 h in fresh medium containing the substrates indicated. Cellular glycogen was determined by ethanol precipitation (19) , and glycogenolysis was calculated from the decrease in the glycogen content during 1 h of incubation and is expressed as nanomoles of glucosyl units degraded per hour per mg protein. G6P was determined fluorimetrically in neutralized perchlorate extracts as previously described (23) . For determination of phosphorylase-a, hepatocyte monolayers were snap-frozen in liquid nitrogen and stored at Ϫ80°C. They were extracted as described previously (24), and activities were determined in either the whole homogenates or after sedimentation of the extracts at 13,000g (15 min). Phosphorylase-a was determined either spectrometrically (25) or, where indicated, radiochemically (26) . Enzyme activity determined in the whole homogenate or 13,000g supernatant or pellet fractions is expressed as milliunits per milligram of total homogenate protein, where 1 mU is the amount converting 1 nmol of substrate per minute.
Results are expressed as means Ϯ SE for the number of experiments indicated. Statistical analysis was by the Student's paired t test.
RESULTS
Octanoate and dihydroxyacetone inactivate phosphorylase and increase G6P. In preliminary studies, we tested the effects of incubation of hepatocytes with various substrates including gluconeogenic precursors, amino acids, and octanoate on the activation state of phosphorylase. Significant inactivation of phosphorylase (P Ͻ 0.05) occurred with octanoate, which has been shown previously to increase G6P (27) , and with dihydroxyacetone (2 mmol/l), which also increases G6P (Figs. 1A and 2A) . Octanoate decreased the activity of phosphorylase-a (Fig.  1A) and increased the G6P content (Fig. 1B) at glucose concentrations of 5, 10, and 15 mmol/l but had no significant effect on either parameter at 25 mmol/l glucose. Dihydroxyacetone and octanoate had additive effects on the cell content of G6P (Fig. 2B) , and there was an apparent inverse correlation between the activity of phosphorylase-a and G6P at concentrations Ͻ1 nmol/mg (Figs. 1C and 2C). We confirmed that at the concentrations of dihydroxyacetone used in this study, there were no changes in cellular ATP or ADP (results not shown).
In the above experiments, phosphorylase-a was assayed spectrometrically in the 13,000g supernatant. When the assays were performed on the whole homogenate, supernatant, and pellet fractions, there was little or no detectable activity in the pellet fraction, and the activity in the whole homogenate was slightly lower than in the supernatant and showed a similar fractional decrease with octanoate as in the supernatant (results not shown). The lack of detectable activity in the pellet by the spectrometric assay could be due to interference from either glucose 6-phosphatase or NADPH oxidase associated with the particulate fraction. To check whether the decrease in activity in the supernatant can be explained by translocation to the particulate fraction, we determined phosphorylase-a radiochemically in the direction of glycogen synthesis (Fig. 3) . The activity of phosphorylase-a in the whole homogenate was significantly decreased by both octanoate and dihydroxyacetone (Fig. 3) , confirming that these substrates cause an overall decrease in the activation state of phosphorylase. The activity in the pellet was 4% of that of the homogenate in control incubations and 19% in incubations with dihydroxyacetone. Inhibition of glycogenolysis by octanoate and dihydroxyacetone. The above experiments were performed on cells that were precultured with 5 mmol/l glucose. Additional experiments were performed on cells that were precultured with 25 mmol/l glucose for repletion of glycogen and subsequent determination of glycogenolysis at 5 mmol/l glucose. Octanoate and dihydroxyacetone inhibited glycogenolysis by 20 -33% (Fig. 4) . This inhibition of glycogenolysis cannot be explained by stimulation of glycogen synthesis because the incorporation of [U-
14 C]glucose into glycogen, determined in parallel experiments in which the 14 C label was added during the final incubation, was negligible (control 1.5; octanoate 2.1 nmol ⅐ h Ϫ1 ⅐ mg Ϫ1 ) relative to the rate of glycogenolysis (ϳ400 nmol ⅐ h Ϫ1 ⅐ mg Ϫ1 ; Fig. 4 ). The activity of phosphorylase-a determined spectrometrically in the whole homogenate, in parallel incubations, was decreased by octanoate and dihydroxyacetone (from 14.6 Ϯ 0.8 to 7.2 Ϯ 0.6 and 7.1 Ϯ 0.7 mU/mg, n ϭ 4, respectively). Effects of glucokinase and glucose 6-phosphatase overexpression. To test the role of G6P in the regulation of phosphorylase independent of substrate availability, we determined the effects of overexpression of glucokinase or glucose 6-phosphatase. In agreement with previous stud-ies (17, 18) , the cell content of G6P was increased by glucokinase overexpression and decreased by glucose 6-phosphatase expression (Fig. 5B) . This was associated with inverse changes in the activity of phosphorylase-a (Fig. 5A) . When the activity of phosphorylase-a was plotted against the corresponding G6P content, there was a decrease in activity at moderate increases in G6P, which reached a plateau at ϳ1 nmol G6P/mg protein (Fig. 5C) . Cells that were treated with adenovirus encoding ␤-galactosidase showed no change in G6P or phosphorylase-a activity (results not shown).
The effects of glucokinase overexpression on the subcellular distribution of phosphorylase-a were determined using the radiochemical assay in incubations with 15 mmol/l glucose. Glucokinase expression (fourfold) decreased the activity of phosphorylase-a in the homogenate (34.3 Ϯ 3.5 to 27.7 Ϯ 3.0 mU/mg; n ϭ 7; P Ͻ 0.01) and supernatant (32.2 Ϯ 3.3 to 21.8 Ϯ 3.1 mU/mg; n ϭ 7; P Ͻ 0.01) and increased it in the pellet (1.7 Ϯ 0.6 to 5.1 Ϯ 1.0 mU/mg; n ϭ 7; P Ͻ 0.005) as observed also with dihydroxyacetone (Fig. 3) . This suggests that in these, conditions there is both inactivation of phosphorylase-a in the whole homogenate and partial translocation from the supernatant to the pellet. The role of G6P in the inactivation of phosphorylase by glucose. To determine whether G6P is involved in the inactivation of phosphorylase and inhibition of glycogenolysis caused by glucose, we used 5-thioglucose, a potent inhibitor of glucokinase (28) . In cells precultured at 5 mmol/l glucose, 5-thioglucose (3 mmol/l) counteracted the increase in G6P caused by incubation with 25 mmol/l glucose for 60 min (5 mmol/l glucose, 0.24 Ϯ 0.04; 5 mmol/l ϩ 5-thioglucose, 0.14 Ϯ 0.04; 25 mmol/l glucose, 0.68 Ϯ 0.09; 25 mmol/l glucose ϩ 5-thioglucose, 0.15 Ϯ 0.04, means Ϯ SE, n ϭ 4 nmol G6P/mg protein).
The effect of 5-thioglucose on glycogenolysis was tested in cells that were precultured overnight with 25 mmol/l glucose to replete glycogen stores and then incubated for 1 h with 0, 5, or 10 mmol/l glucose in the absence or presence of 5-thioglucose (Fig. 6 ). Parallel incubations were performed for determination of phosphorylase a (after 60 min) and G6P (after 30 and 60 min). Glycogenolysis was inhibited by 20 and 40% at 5 and 10 mmol/l glucose, respectively, relative to the rate in glucose-free medium (Fig. 6A) . In cells incubated with 10 mmol/l glucose, 5-thioglucose counteracted the inhibition of glycogenolysis (Fig. 6A ) and the inactivation of phosphorylase-a in the homogenate (Fig. 6C) and supernatant (Fig.  6D ). However, it had no effect on glycogenolysis or phosphorylase-a activity in the glucose-free medium. 5-Thioglucose lowered (P Ͻ 0.05) the G6P content in cells that were incubated with glucose by ϳ50% after both 30 and 60 min of incubation (Fig. 6B) . These results are consistent with the hypothesis that the inhibitory effects of 10 mmol/l glucose on glycogenolysis and inactivation of phosphorylase can be at least in part explained by the higher cell content of G6P formed from glucose.
DISCUSSION
It is currently accepted that G6P is the main metabolite regulator of the phosphorylation state of glycogen synthase (5), whereas glucose is the main regulator of the phosphorylation state of phosphorylase (1, 11) . Nonetheless, there is evidence from in vitro studies that G6P stimulates not only synthase phosphatase activity but also phosphorylase phosphatase activity by a substrate-mediated mechanism (12) (13) (14) , and it also inhibits phosphorylase kinase activity by a substrate-directed mechanism (15, 16) . Although several studies have provided evidence for a correlation between the activation state of glycogen synthase and the hepatocyte content of G6P (5-7), the putative physiological role of G6P in regulating the activation state of phosphorylase in hepatocytes has not previously been tested.
In this study, we used three approaches, involving incubation with substrates that raise the hepatocyte content of G6P (27) , overexpression of glucokinase (17), and inhibition of glucokinase with 5-thioglucose (28) , to test whether changes in cellular G6P within the physiological range regulate the activation state of phosphorylase. In incubations with octanoate and dihydroxyacetone or in cells overexpressing glucokinase, there was an inverse correlation between the activity of phosphorylase-a and the cell content of G6P over the physiological range of concentrations of this metabolite (Ͻ1 nmol/mg protein, (29) . Because octanoate inactivated phosphorylase only in incubation conditions associated with an increase in G6P, the inactivation is unlikely to be due to a direct effect of octanoate. The increase in G6P caused by octanoate is most likely due to inhibition of glycolysis and/or stimulation of gluconeogenesis. In the experiments with glucokinase overexpression, in which the cell content of G6P was increased by up to threefold above the physiological range (29) , the lack of further inactivation of phosphorylase at high concentrations of G6P suggests saturation of the response. In metabolic conditions associated with an increase in the cell content of G6P within the physiological range, there was a decrease in activity of phosphorylase-a in both the whole homogenate and in the high-speed supernatant fraction. The fractional decrease in activity of phosphorylase-a was similar when determined by the spectrometric assay, which measures activity in the direction of glycogenolysis, or the radiochemical assay, which measures the reverse reaction. It is unlikely, therefore, that the decrease in activity by the spectrometric assay is due to enzymes that interfere with the coupling system of the glycogenolytic assay. Although in experiments with dihydroxyacetone and glucokinase overexpression there was a small increase in the activity of phosphorylase-a associated with the pellet fraction, the decrease in activity in the supernatant could not be explained by enzyme translocation alone, as shown by the decrease in activity of phosphorylase-a in the whole homogenate. The physiological significance of the inactivation of phosphorylase in the incubations with dihydroxyacetone or octanoate is supported by a similar fractional inhibition of the rate of glycogenolysis. The significance of the increase in phosphorylase-a in the pellet fraction during glucokinase overexpression is unclear but may be analogous to the translocation of glycogen synthase to the pellet fraction in incubation conditions associated with accumulation of G6P (30) .
At least three mechanisms can be invoked to explain the inhibition of glycogenolysis by hyperglycemia: direct allosteric inhibition of phosphorylase-a by glucose, increased dephosphorylation of phosphorylase-a by phosphorylase phosphatase by a glucose-mediated mechanism, and increased dephosphorylation of phosphorylase-a by a G6P-mediated mechanism. The finding that 5-thioglucose, a potent inhibitor of glucokinase (28) , counteracted the inactivation of phosphorylase by 10 mmol/l glucose is supportive evidence for a role for G6P (or a downstream metabolite) in either mediating or potentiating the effect of glucose on the dephosphorylation of phosphorylase-a and is consistent with the finding that glucokinase overexpression potentiates the inactivation of phosphorylase by glucose. These results do not exclude an additional role for allosteric inhibition of phosphorylase by glucose, but they suggest that the G6P is a component of the inactivation of phosphorylase by glucose.
In summary, this study shows that the activity of phosphorylase-a in hepatocytes is decreased in metabolic conditions associated with an increase in the cell content of G6P, irrespective of whether this is derived from glucose phosphorylation or from gluconeogenesis. Furthermore, the inhibition of glycogenolysis by octanoate and dihydroxyacetone is evidence for a physiological role for the decrease in activity of phosphorylase-a in regulating glycogen degradation. We conclude that G6P has a more complex regulatory role in hepatic glycogen metabolism than has hitherto been recognized (1) . This effect may be due to either stimulation of phosphorylase phosphatase (12) (13) (14) or inhibition of phosphorylase kinase (15, 16) activity.
There has been a long-standing debate on the relative roles of G6P as activator of glycogen synthase phosphatase (11) as opposed to phosphorylase-a as allosteric inhibitor of synthase phosphatase (1, 31) in determining the activity ratio of glycogen synthase. Further evidence for a role for phosphorylase-a in regulating the phosphor- ylation state of glycogen synthase has emerged from studies using novel inhibitors of phosphorylase (32) , which cause inactivation (dephosphorylation) of phosphorylase-a and sequential activation of glycogen synthase (24, (32) (33) (34) (35) . The present study introduces a new link in the control of glycogen metabolism, whereby G6P generated by glucokinase during hyperglycemia downregulates phosphorylase-a (Fig. 7) . Thus, G6P regulates glycogen synthase phosphatase by reversal of the inhibition by phosphorylase-a as well as by substrate-directed stimulation of dephosphorylation by synthase phosphatase.
Two major determinants of the hepatocyte G6P content are the activities of glucokinase and glucose 6-phosphatase (17, 18) . Disease states associated with altered activities of either of these enzymes would therefore be expected to show dysregulation of phosphorylase and hepatic glycogenolysis. Recent studies have demonstrated the therapeutic potential of phosphorylase inhibitors for normalizing blood glucose in animal models of type-2 diabetes and in human diabetes (32) . It is currently not known whether the activation state of phosphorylase is altered in type 2 diabetes. However, a decreased activity of glucokinase in type 2 diabetes has been reported (36) . It can be speculated that the impaired suppression of hepatic glucose production by hyperglycemia in type 2 diabetes (37,38) could be in part due to dysregulation of phosphorylase as a result of a decreased cellular content of G6P.
